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In this paper, I discuss and summarise the electron correlation based theory of the normal and
superconducting states of fullerites developed by Tosatti and myself. The parallel work of Chakravarti
and Kivelson is also briefly presented in a way reformulated by Subrahmanyam and myself. The similar-
ities as well as the differences between the two theories are also discussed.. A recent analysis of our the-
ory reveals a rich structure in the quasi-particle spectrum of the above system. This is briefly discussed
for two cases when the pair binding energy is comparable to and much larger than the conduction elec-
tron band width. In both cases the normal state is anomalous.
1 Introduction
Nature has once again given a gift to the field of
physics and chemistry in the form of fullerene+-.
Solid fullerites MxC60 (M = alkali metals) exhibit
high temperature superconductivity and several
anomalous normal state properties+", A real chal-
lenge to theorists is to isolate important features
of this organic conductor using the available ex-
perimental results as well as theoretical consider-
ations and develop a microscopic theory. In my
opinion, the body of available experimental results
and theoretical .,nderstanding of Sp2 hybridized
organic molecules and bio-molecules, point tow-
ards the dominant role played by coulomb correl-
ations in determining the low energy physics. Re-
cently, we have developed a microscopic theory)
for the normal and superconducting states of
MxC/\() using the physics of intra-molecular cou-
lomb correlations in the carbon pn-bonds of the
Coo molecules. We introduced the notion of Stabil-
ity of Molecular Singlets (SMS) in MxC60, which
means that the intra-molecular correlations favour
a charged Coo molecules containing odd number
of excess electrons to acquire or lose an electron
and reach a stable singlet state. SMS was justified
using valence bond arguments as well as a pertur-
bation theory involving exchange of intra-molecu-
lar triplet excitations. In parallel, Chakravarty and
Kivelson" also emphasized the importance of cou-
lomb correlations and used valence bond as well
as perturbation theory arguments to suggest SMS
(to put in our language). Anderson has also ar-
gued? in a recent paper that superconductivity in
fullerenes should originate from intra-molecular
coulomb correlations, by giving powerful argu-
ments to negate any kind of phonon mechanism
for the observed high temperature superconductiv-
ity.
The aim of the present paper is to give a brief
account of three works of ours. Firstly, the theory
developed by Tosatti and myself is discussed brief-
ly. Then the parallel work of Chakravarti and Ki-
velson is presented in a way reformulated by Sub-
rahmanyam and myself" bringing out fundamental
similarities and differences between the two paral-
lel theories. Finally, some of my recent work? is
summarised to understand the normal state pro-
perties of the conducting fullerites in terms of
novel quasi-particles of the non-fermi liquid
phases.
2 Electronic correlations and the stability of mo-
lecular singlets
The following are some of the key experimental
results that we used in building our model as well
as to bring out the notion of Stability of Molecular
Singlets (SMS). (1) The C60 molecule is a sort of
two dimensional pn-electron system 10 with strong
correlations and what might be described as an
RVB ground state (with a small valence bond
density modulation). In a host of organic com-
pounds having very similar local carbon pst-
bonding such as anthracene, pentacene'l" etc.,
electronic correlations are known to be very im-
portant. Among other things, strong correlations
manifest themselves experimentally in a large sing-
let-triplet excitation energy splitting "" 1 eV (indi-
cating that the charge and spin behave differently)
and the anomalous aromaticity properties. (2) The
undoped Cn() crystal, fullerene is an insulating mo-
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lecular crystal and metaUicity results from doping.
(3) The normal state conductivity' is rather small
(500 S em - 1) for K xC 60 with a relatively small
carrier concentration of n - 1021 / cc. (4) Inverse
photoemission studies 14 show a rather narrow con-
duction band of width - 0.5 eY. This band ap-
pears to be derived from a three fold degenerate
t 1 u molecular level; it can contain 6 electrons per
site. (5) The coherence length is short and of the
order of the size of C60 molecule!". (6) The possi-
ble absence of Pauli paramagnetism in the normal
state EPR of the superconducting sample is sug-
gested by some recent experimentsv".
We argued that the electron correlation of the
finite 'two-dimensional' C60 molecule which gives
it an RVB character plays a vital role by giving
Stable Molecular Singlets (SMS) even in the
charged state of the Coo molecule in the solid.
This stability is explained by using the valence
bond language and alternatively as an effective in-
tra-molecular anti ferromagnetic coupling between
the added electrons in the (1 u orbitals induced by
exchange of molecular triplet excitons. A deriva-
tion of this antiferromagnetic coupling from the
microscopies is sketched. SMS implies a tendency
for C60 to be charged with even number of elec-
trons on doping. This can be also thought of as an
on-site cooper pairing tendency, even though, the
physics leading to this pairing is more collective in
character. The relation <\f our collective pairing to
Little's exciton mediated pairing!" is also dis-
cussed.
The above together with the weak overlap be-
tween the (Iu orbitals of two neighbouring mole-
cules gives us three overlapping narrow bands
with an effective negative Hubbard U. The attrac-
tive interaction, which we find comparable to the
narrow band width, leads to enhanced pairing
correlation even at room temperature in the nor-
mal state, thereby making the normal state a 'bos-
on metal'. This means well suppressed Pauli par-
amagnetism and marked departure from the fermi
liquid behaviour.
The molecule. C60 is a carbon p.71-bonded sys-
tem with a truncated icosahedral shape. The orbi-
tals close to the fermi level are the PI orbitals.
They strongly hybridize to form the 60 single par-
ticle molecular orbitals 17 spread over an energy of
about 15 eV. The fermi level of the molecular solid
C60 (an FCC crystal) lies between a set of filled
narrow bands formed by the five fold degenerate
gl u orbitals and an empty set of narrow bands
formed by the three fold degenerate t 1 u orbitals.
The gap is - 2 eY. The (I" molecular orbitals can
be chosen to transform as x, y and z just like the
atomic p-orbitals.
We have suggested 14 that the narrow conduction
bands should resemble the (well isolated) 4p hole
like band of the FCC solid krypton on account of
its p-character. This turns out to be mostly true as
shown by a recent band structure calculation 11 •
There are three overlapping bands, two almost de-
generate narrower bands of width 0.2 eV over-
lapping at the top of a narrow band of width 0.5
eY. All the bands are degenerate at the r point.
We argue that the low energy physics is go-





Here c's are the electron operators, a, b = 1, 2
and 3 stand for the three degenerate t 1 u orbitals at
any site i. The hopping matrix elements (ab are as-
sumed to be non-zero only between nearest neigh-
bours and are obtained from a tight binding fit to
the actual band structure. The second term on the
right represents the exchange coupling I between
two electrons that occupy orbitals a and b of the
ith molecule. The terms Ud and U represent the
coulomb repulsion between two electrons occupy-
ing the same or two different (Iu orbitals of a
molecule.
We have estimated the interaction parameters
by using various arguments which we present be-
low very briefly. The most crucial parameter is
U - 312 I. This is the energy gained in the trans-
ition C~OC6-0I--+C~oC~oof two neighbouring mole-
cules in a solid. Here the two excess electrons in
C~o ion occupy two distinct degenerate (Iu orbi-
tals in a spin singlet state.
The parametered Us and I will be modified for
other transitions like C~oC~o --+ C~o C~o. More-
over, we will concentrate on the region x around
3. Also there is an approximate symmetry about
x = 3 in our model.
The SMS that we identify depends on the par-
ameter U- 3fl.L H it is negative, inspite of the
coulomb repulsion the above mentioned transition
will take place and stabilise the molecular singlets.
Also notice that SMS is independent of the dia-
gonal Hubbard parameter Ud" We find that the di-
agonal Hubbard parameter Ud is of the order of
the band width. And the off diagonal parameter
U, becomes small when the Madelung energy as
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well as screening effect is included. We will hence
assume this to be zero.
The most crucial parameter determining SMS is
thus I. It gets contributions from Hund's rule ex-
change (ferromagnetic), n-electron correlations
and the lattice effects. We will argue that the ef-
fects arising from the zr-electron correlation con-
tributes dominantly. We give two methods of esti-
mating this, (i) valence bond arguments and (ii)
triplet exciton exchange approach. The gist of val-
ence bond approach" is as follows. Its is well
known that carbon pn-bonded systems are de-
scribed very well as Resonating Valence Bond
(RVB) states211.21• In particular, they are short
range RVB states. As the size of the molecule be-
comes larger there are valence hand density mo-
dulations.
The valence bond character (i.e. suppression of
polar fluctuations and dominance of singlet homo-
polar configurations) has its origin in strong cor-
relations in the tight binding carbon p n-electrons
of the Coli molecules. In a PPP-Hubbard modeIIJ.22
description, the effective Hubbard U is of the or-
der 5 eY. The PPP-Hubbard model, keeping only
the on-site interaction alone is,
... (3)
where i denotes the 60 carbon pz orbitals. The
small modulation of the hopping integral t arising
from the modulation of the bond length of two in-
equivalent bonds in Coo does not change the phy-
sics qualitatively. A phenomenological t-J model
description" can also be given with a t= 2.5 eV
and eJ= 0.8 eY.
The valence bond energy J is easily estimated"
from the triplet exciton energy E T' For C60 the ex-
perimental value+' of E T is ""1.6 eV making
J "" (U~ eY. The value I is different from 1.More-
over, the singlet-triplet excition splitting ("'" 0.5
eV) observed in Coo also emphasises the import-
ance of correlations.
The fact that we have a two-dimensional tight
binding system with 60 sites makes the valence
bond correlations very important. Our SMS hypo-
thesis expresses the tendency of the 2-d RVB sys-
tem not to have any unpaired spins. Any unpaired
spin means the presence of a broken valence bond
and an exchange energy increase of the order of J.
There is a close connection+ of our SMS hypo-
thesis with the Lieb-Mattis theorem" for one-di-
mensional systems. Also recent numerical calcul-
ations of large U Hubbard models on finite two-
dimensional lattices as well as finite clusters exhi-
bit chemical potentials which are larger for even
electron singlet ground states rather than the odd
electron states.
According to our valence bond picture, when a
pair of electrons is added to a neutral molecule,
the entire p zr-electron system adjusts itself to have
local singlet character. This is achieved, to a large
extent, by having two real doubly occupied sites
(doublons 25.26) which are well separated (because
of coulomb repulsion) and delocalised among the
resonating singlets. Including the string energy that
arises from the presence of valence bond modula-
tion, we find that lis in the range 0.1 to 0.4 eY.
The physics of our calculation of I is similar to
a calculation of the binding energy of two charged
solitons in cis-polyacetylene, even though the to-
pology in the present case is different. Also we
find that the electron-electron-? rather than the
electron-phonon interaction contribute dominantly
to I.
Another way of arguing how the exchange ener-
gy J wins over the coulomb energies in the large
C60 molecule is as follows. Electrostatic energies
like U and Ud and the Hund's rule ferromagnetic
exchange decrease as (1/ R), where R is the size of
the molecule. On the other hand, the valence band
energies J decrease at a much slower rate. Be-
tween benzene and C60 the triplet exciton energy
("'" 2J) has a marginal decrease from 2.5 to 1.6 eV
(see reference 28 for the measurement of triplet
exciton energy of C60).
In another approach we have estimated I by us-
ing the exchange of virtual triplet exciton. The C60
molecule has a triplet and a singlet exciton as two
lowest energy excitations. We find that the coup-
ling of the added electron to the triplet exciton is
the strongest. The origin of the polarisation energy
which we get when we add extra charges can be
viewed to arise from the virtual excitations of
these excitons. When two charges are added they
exchange these virtual excitons.
Exchange of singlet excitons do not give rise to
any spin dependent polarisation energy. It reduces
the overall electrostatic repulsions. On the other
hand, the exchange of triplet excitons favours sing-
let pairing. We also find that the strongest coupling
of the electrons is to the triplet excitons.
Starting from the PPP-Hubbard Hamiltonian we
have found 18 the interaction Hamiltonian (written
in a manifestly spin rotation invariant form) be-
tween an electron in a tI u orbital and the lowest
energy singlet exciton to be,
... (4)
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where a= 1,2 and 3 denotes the three flu states
and So is the operator for the lowest triplet state
of the C60 molecule. Here Up is the Hubbard U
for the carbon .7l-orbital.
By a simple second order perturbation theory
we find an effective interaction between electrons
in the orbital a and b:
... (5)
3 (2 U ) 2 1
and ]= 4 "3)to E T .. , (6)
When we choose ET"" 1 eV and Up"" 11 eV we
get this exchange coupling I= 0.3 eY. When we
add three or more electrons by the arguments giv-
en above, the lowest spin state will be always stab-
ilised.
Even though our exciton exchange approach
looks similar to Little's mechanism 16 there are
some important differences. The excitons are in-
tra-molecular in nature and live in the same region
where the conduction electrons live. Hence, our
mechanism escapes the criticism of Inkson-Ander-
son:": that is, the reduction in screening which oc-
curs when the active electron pairs tunnel into the
interaction region does not arise in our case. The
two added electrons are part of the carbon p.71-
electrons and the triplet exciton is a collective ex-
citation of this system. More importantly, we be-
lieve that the singlet stabilisation process, even
though has two explanations, the first one in terms
of valence bond is more natural and captures the
essential physics of this carbon p.71-bonded system.
Since the experimentally observed interesting
region seems to be - x= 3, we will concentrate on
the two nearly degenerate narrow bands that are
close to the fermi level. It is true that disorder re-
mains finite even in this range of x. The fact that
superconductivity is observed in this region means
that the disorder is not sufficient to destroy it.
Before we analyse our model for superconduc-
tivity, several things can be inferred. The pairing
energy ] is of the order of the band width. Hence
we are deep into the real space pairing regime, be-
cause any reasonable temperature like room tem-
perature is very small compared to the pair bind-
ing energy ] which is of the order of 1000 to 2000
K.
A BCS analysis of our effective Hamiltonian for
the flu band is easily performed if we rewrite,
1
Sia'Sib= -bf;abbiab+4 nianib
and factorise the attractive interaction as
... (7)
Fl07
btabbiab- < ut;» biah ... (8)
where
For the moment we will concentrate on qualita-
tive features that follow by making several simplify-
ing assumptions and trying to get a feel for the value
of T; in particular. Firstly, in our model, even though
there are three bands, there is a two-particle state on
a molecule that is favoured for X"" 3. This state
corresponds to two electrons occupying the two se-
parate Wannier orbitals 1 and 2 of the two nearly
degenerate top narrow bands in a singlet state. The
Wannier orbital 3 of the broad band is almost filled
with two electrons and is deep below the fermi level.
The other two degenerate states in which the two
electrons doubly occupy anyone of the Wannier
orbitals 1 and 2 have higher energy. In this sense it is
like a one band model with a width approximately
equal to the width of the two top narrow bands ( ""
0.2 eV). We will also look at the results for a cubic
lattice. We have checked that this does not change
the results qualitatively.
This negative U one band Hubbard model has
been studied-? in great detail in the context of An-
derson's negative Ubipolaron30 model of supcrcon-
ductiviry" as well as general bipolaron supercon-
ductivity in narrow band systems ". Several remarks
are in order about the phase diagram. Firstly, we are
deep into the real space pairing regime. For the va-
lue of parameters that we have it is easily seen from
the graph that we have z T,> 70 K. The interesting
fact is that when the binding energy exceeds the
band width, the T,. tends to decrease but rather
slowly. The maximum T, occurs when the binding
energy is about half the band width. This is a kind of
universal number within the BCS approximation
and also indicates most importantly that there will
be a saturation in value of T, within the one hand
short range non-retarded attractive interaction
model. From the mean field theory, we get an ap-
proximate expression for the maximum value of T,.,
... (9)
in terms of the band width 2W. For our band width
k B T~wX "" 60° K. Even if we are optimistic and take
the band width of the broad band, the maximum
kilT, ""2000 K. Fluctuation effects, the FCC nature
of the lattice and the unscreened short range cou-
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pared to the inter particle spacing also implies that
the inelastic mean free path of the particles is also of
the order of the inter particle spacing. Thus, from
this point of view, the transport properties of the
normal state are those of a dense one-component
classical plasma, which has its own interesting be-
haviour.
Another way to look at the normal state propert-
ies is in terms of the quasi-particle spectrum of the
charged bose liquid at low temperatures. In our cal-
culations we find that the spectrum is almost the
same as that of He4 except that the phonon has ac-
quired a gap (plasmon energy) by the Anderson-
Higgs mechanism. Thus, the lowest energy excit-
ation occur close to the roton minimum. The de-
struction of superfluidity seems to be related to the
roton-minimum touching the zero of energy (this is
to be contrasted with the superfluid helium 4, where
nothing dramatic happens to the excitation spec-
trum across the super fluid transition). Since the in-
stability occurs over a surface in the Brilluouin zone,
it does not lead to any density wave instability; in-
stead, it leads to a large density of roton-like low en-
ergy excitations. There is a tendency for the rotons
also to break up into two novel excitations each car-
rying a charge + e and - e (and zero spin) inspite of
the fact that our elementary boson carries a charge
+ 2e! In this sense there is an interesting possibility
of charge fractionisation in this system. The details
will be published elsewhere".
In case of b, the pair binding energy is comparable
with the electron band width. This means that not all
the electrons are part of cooper pairs. Some of the
Coo molecules contain 3 electrons while the rest
contain either 4 or 2 electrons for the case of MxC60
(for convenience, we will refer to the 2, 3 and 4 elec-
tron states as 0, 1 and 2 electron states, without los-
ing generality). This is true even in the absence of
any attractive interaction, where statistically the
probability of finding a molecule with occupancy 2,
3 and 4 is exactly (1/4) in each case. when we have an
attractive U, this probability increases. But more im-
portantly, the life time of doubly occupied sites in-
creases.
This leads to the interesting possibility that we
have a quantum fluid of paired spinless objects co-
existing with unpaired electrons carrying spin. Thus,
we have two t1uids: a fluid of spinless charge 2e par-
ticles and a t1uid of charge e and spin half particles.
Of course, the 2e particle can decay into a pair of
electrons separated in space and vice-versa. How-
ever, they have their own identity inspite of the
quantum mechanical mixing. If this is allowed then
we have many novel properties for this system.
Below T, the second fluid, namely, electrons also
become a singlet fluid and there is a good quantum
mechanical mixing. The two fluids lose their identity
and we have a conventional superconductor. Above
~ the charge e fluid has large low energy spin fluctu-
ations. This in turn causes incoherence among the
particles in the charge 2e fluid. This again leads to
novel possibilities such as a pseudo-fermi surface of
charge 2e excitations and vanishing of ZkF etc.
Again the normal state properties are anomalous!
We expect anomalies similar to the one observed
in the cuprate superconductors. Even though we do
not have a spin-charge decoupling situation here,
there are certain generic features which come with
the breakdown of fermi liquid character. These gen-
eric features follow simply from the fact that an elec-
tron injected at kF will decay into a whole lot of low
energy excitations. In other words, the electron will
give away almost all of its spectral weight to other
many body collective excitations.
5 Conclusion
In this paper are summarised the various efforts
to understand the normal and superconducting pro-
perties of fullerites in terms of narrow band systems
dominated by intra-molecular coulomb correl-
ations. Even though it is clear that correlations are
important, more experiments as well as physics
motivated theories are needed to unravel the fasci-
nating properties of these strongly correlated mo-
lecular superconductors.
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